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Gadolinium Uncouples Mechanical Detection
and Osmoreceptor Potential in Supraoptic Neurons
SteÂ phane H. R. Oliet* and Charles W. Bourque cells fail to generate the macroscopic mechanosensory
Centre for Research in Neuroscience currents predicted from the density and microscopic
Montreal General Hospital behavior of their stretch-sensitive channels (Morris and
McGill University Horn, 1991). As a result, the potential role of mechano-
Montreal, Quebec H3G 1A4 sensitive channels as physiological mechanotransduc-
Canada ers has remained a matter of controversy (Gustin et al.,
1991; Morris, 1992; Sachs, 1992).
We have recently reported the presence of stretch-Summary
inactivated cationic (SIC) channels in magnocellular
neurosecretory cells (MNCs) of the rat supraoptic nu-Stretch-sensitive ion channels are ubiquitous, yet evi-
cleus (Olietand Bourque,1993a), where they arehypoth-dence of their role in mechanotransduction remains
esized to serve as osmomechanical transducers. Inscarce. The presence of stretch-inactivated cation
mammals, the axon terminals of MNCs terminate in thechannels in supraoptic neurons is consistent with the
posterior pituitary gland, where they release the antidi-osmoreceptor potentials regulating vasopressin re-
uretic hormone vasopressin upon the arrival of actionlease. However, whether osmosensitivity depends on
potentials generated at the somata (Poulain and Waker-mechanical gating and ion flux through stretch-inacti-
ley, 1982). The electrical and secretory responses ofvated channels is unknown. Here we report that
these cells in vivo are proportional to systemic osmo-changes in channel open probability associated either
lality and serve to adjust renal diuresis in a mannerwith modification of pipette pressure or with external
osmolality selectively result from variations in closed promoting osmotic homeostasis (Bourque et al., 1994).
time. While channel mechanosensitivity and osmoti- Previous experiments in vitro have shown that MNCs
cally evoked changes in cell volume are not affected by are intrinsically sensitive to changes in external fluid
gadolinium, similar concentrations of the lanthanide osmolality (Mason, 1980; Abe and Ogata, 1982; Bourque
inhibit cation permeation through the single channels and Renaud, 1984). Thus, exposure to hypertonicity
and macroscopic osmoreceptor potentials. Mechano- causes membrane depolarization due to an increase in
transduction through stretch-inactivated channels is cationic conductance (Bourque, 1989), whereas hypo-
therefore necessary for osmoreception in supraoptic tonic media hyperpolarize MNCs via a decrease in cat-
neurons. ionic conductance (Oliet and Bourque, 1993b). Changes
in membrane potential can modulate the sensitivity of
these cells to synaptic inputs (Richard and Bourque,Introduction
1992) and directly influence their rate and pattern of
spike discharge (Bourque and Renaud, 1990). The gen-Mechanotransduction is a process involving the conver-
sion of mechanical energy into an electrical signal eration of osmoreceptor potentials is therefore impor-
(French, 1992). Ion channels whose probability of open- tant for theosmotic regulation of electrical activity, vaso-
ing (Po) can be altered by changes in membrane ten- pressin release, and osmoregulation in the rat (Bourque
sion therefore represent ideal candidates as molecular et al., 1994).
mechanotransducers (Sokabe and Sachs, 1992). Since The permeability characteristics of single SIC chan-
they were originally discovered by Guharay and Sachs nels have been found to be similar to those of the vol-
(1984), patch-clamp studies have shown that channels ume-gated cationic conductance in MNCs (Oliet and
sensitive to membrane stretch occur in a variety of cell Bourque, 1993a). Moreover, the general response profile
types (Kullberg, 1987; Morris, 1990; Sachs, 1992; Sakin, of SIC channels (Morris and Sigurdson, 1989) is such
1993). Unfortunately, direct evidence of their involve- that their activity should increase as a consequence of
ment in mechanosensory functions has been difficult hypertonic cell shrinkage and decrease upon hypotonic
to obtain. Demonstrating the role of a stretch-sensitive swelling (Oliet and Bourque, 1994). While these func-
channel in mechanotransduction requires more than tional features of SIC channels are consistent with the
showing its presence in an appropriate cell. Optimally, intrinsic osmosensitivity of MNCs (Oliet and Bourque,
the biophysical properties, density, and pharmacology 1993a, 1994), there is as yet no evidence indicating
of the single channels should be shown to be consistent whether mechanical gating is responsible for the os-
with the macroscopic mechanosensory behavior of the motic modulation of SIC channels or whether ion perme-
parent cell, recorded under the same conditions (Morris,
ation through these channels is necessary for the gener-
1992). Problems in correlating single-channel and mac-
ation of macroscopic osmoreceptor potentials. To
roscopic behaviors often arise because of technical diffi-
address these issues, we compared the modulation of
culties in accessing the relevant membrane in an intact
SIC channel kinetics evoked by changes in pipette pres-preparation. The need for direct comparison, however,
sure and by variations in external fluid osmolality. Wehas been highlighted by the finding that some isolated
then examined the effects of gadolinium (Gd3+), a pur-
ported blocker of stretch-sensitive ion channels (Gustin
et al., 1988; Berrier et al., 1992; Sigurdson et al., 1992;*Present address: Department of Cellular and Molecular Pharmacol-
ogy, University of California, San Francisco. Ruknudin et al., 1993), both on SIC channel gating and
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on the generation of macroscopic osmoreceptor re-
sponses in MNCs of the rat supraoptic nucleus.
Results
Resting Properties of SIC Channels
Cell-attached patch-clamp recordings of SIC channels
were obtained from MNCs acutely isolated from the
adult rat supraoptic nucleus. As found previously (Oliet
and Bourque, 1993a), channel activity that was recorded
featured a linear current±voltage relation with a mean
(6 SEM) slope conductance of 32 6 2 pS and carried
a current reversing at 242 6 5 mV. The data reported
below were obtained from 43 membrane patches in
which the absence of double openings and the duration
of the recording indicated that the probability that more
than one SIC channel was present was <5% (Colquhoun
and Hawkes, 1983). The mean resting channel Po ob-
served in these patches was 0.020 6 0.001.
Osmotic- and Pressure-Evoked Changes in SIC
Channel Gating
The effects of changing intrapipette pressure (22 to +2
cm H2O) or external fluid osmolality (630 mOsm/kg) on
single SIC channel gating (Figure 1A1) were examined
by plotting variations in either mean open time (MOT)
or mean closed time (MCT), as a function of stimulus-
evoked changes in channel Po. Linear regression analy-
sis (Figure 1A2) indicated that normalized changes in
MCT were inversely correlated with normalized changes
in Po, whether evoked by modification of pipette pres-
sure (slope = 20.95; R = 0.97; n = 25) or external fluid
osmolality (slope = 20.93;R = 0.94; n = 10). The quantita-
tive relationship between Po and MCT was the same
whether channel activity was modified by changes in
pipette pressure or by varying external osmolality (p > .1;
ANOVA test). In contrast, the MOT of SIC channels was Figure 1. Effects of Gd3+ on SIC Channel Modulation
not affected by changes in pipette pressure (slope = Traces in (A1) are cell-attached recordings from a single patch show-
0.04; R = 0.21; n = 25) or external osmolality (slope = ing the effects of changing pipette pressure (left) or the osmolality
0.07; R = 0.3; n = 10). Therefore, changes in channel of the extracellular fluid (right) on the activity of a SIC channel (bars,
2 pA, 200 ms; VH = 290 mV). The graphs in (A2) plot changes inactivity caused either by osmotic stimulation of the cell
MCT (closed symbols) and MOT (open symbols) as a function ofor by changing the pressure inside the recording pipette
corresponding variations in channel Po resulting from modificationare selectively mediated by variations in channel closed
of pipette pressure (22 to +2 cm H2O; circles; n = 25) or osmotictime. stimulation (630 mOsm/kg; squares; n = 10). All data are expressed
as the ratio obtained by dividing absolute values recorded under
stimulated conditions by those measured during a control period.Effects of Gd3+ on SIC Channel Modulation
The traces in (B1) are cell-attached recordings made from anotherThe trivalent lanthanide cation Gd3+ has been reported
patch with a pipette containing 100 mM Gd3+ (calibrations and VH asto block mechanosensitive channels in a variety of prep- above). Note that channel activity can still be modulated in the
arations (Gustin et al., 1988; Berrier et al., 1992; Sigurd- presence of Gd3+. Graphs in (B2) show that changes in Po recorded
son et al., 1992; Ruknudin et al., 1993). The effects of in thepresence of 10±100 mM Gd3+ also reflect a selective modulation
of channel MCT. Solid lines in (A2) and (B2) are linear regression fitschanging external fluid osmolality and pipette pressure
through the data points (see text for details). Dashed lines have awere therefore examined using pipettes containing 10±
slope of 0.100 mM Gd3+. As shown in Figure 1B, SIC channels re-
mained responsive to mechanical and osmotic stimula-
tion in the presence of Gd3+. Under these conditions, (0.13 6 0.05). However, Gd3+ did not alter the sensitivity
of the relationship between changes in pipette pressurevariations in Po resulting from changes in external osmo-
lality (slope = 20.94; R = 0.96; n = 8) or pipette pressure and normalized channel Po (Figure 2A). Confocal laser
scanning microscopy revealed that the amplitude and(slope = 20.96;R = 0.98; n = 13) were inversely correlated
with channel MCT but not with MOT (R = 0.18, left; R = time course of osmotically evoked changes in cell vol-
ume were not affected by the presence of Gd3+ in the0.22, right). In the presence of 100 mM Gd3+, the mean
maximal Po observed (0.03 6 0.01; n = 7) was less than external solution (Figure 2B). Gd3+ therefore does not
interfere with the mechanical gating of SIC channels ora quarter of the value observed under control conditions
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Figure 2. SIC Channel Mechanosensitivity
and Osmotically Evoked Volume Changes in
the Presence and Absence of Gd3+
(A) Mean (6 SEM) normalized changes in
channel Po, expressedas percentage of maxi-
mum (% of max), resulting from variations in
pipette pressure measured in the presence
(closed symbols; n = 7) or absence (control;
open symbols; n = 22) of 100 mM Gd3+ in the
pipette solution. Zero pressure was arbitrarily
defined as that corresponding to maximal Po.
Note that the characteristic bell-shaped rela-
tion between SIC channel activity and pipette
pressure is unaffected by the presence of
Gd3+.
(B) Mean (6 SEM) changes in cell volume evoked by increasing extracellular fluid osmolality (bar) in the presence (closed symbols; n = 6) or
absence (open symbols; n = 6) of 100 mM Gd3+ in the perfusing solution.
with volume changes that mediate changes in mem- Bourque, 1993a, 1994; Bourque et al., 1994), macro-
scopic responses to osmotic stimulation should be in-brane tension during osmotic stimulation.
hibited in the presence of external Gd3+. Under whole-
cell voltage-clamp conditions (VH = 260 mV), transient
hypertonic stimulation (+50mOsm/kg) induced a revers-Effects of Gd3+ on Ion Permeation through
ible inward current (Figure 4A; n = 12). As reported pre-SIC Channels
When recorded using pipettes containing 10 or 100 mM
Gd3+, average values of channel MOT were lowered from
1.65 6 0.08 ms (control; n = 26) to 1.17 6 0.10 ms (n =
6) and 0.65 6 0.07 ms (n = 8), respectively (e.g., see
Figure 1B1). In 3 patches, channel MOT was directly
observed to decrease following injection of Gd3+ (0.5 ml;
10 mM) into the patch pipette (Figure 3A). The relation-
ship between 1/MOT and external [Gd3+] was approxi-
mately linear (forward rate = 9.2 3 106 M21s21; Figure 3B),
suggesting that Gd3+ may be involved in a bimolecular
blocking reaction (Neher and Steinbach, 1978). Similar
effects of Gd3+ have been reported for SIC channels in
skeletal muscle myotubes from mdx mice (forward rate =
2.3 3 108 M21s21; Franco et al., 1991) and in stretch-
activated cation channels in Xenopus laevis oocytes
(forward rate = 1.6 3 108 M21s21; Yang and Sachs, 1989).
Interestingly, with pipettes containing 100 mM Gd3+, the
amplitude of single-channel openings appeared to be
reduced by z10% compared with those recorded under
control conditions (see Figure 1). This effect was clearly
noticeable during events sufficiently long to reveal a
stable open state, suggesting that it does not simply
reflect an attenuation of brief events due to the limited
frequency response of the recording system. While the
basis for this attenuation was not studied in MNCs, a
similar effect of external Gd3+ in stretch-activated cation
channels of Xenopus oocytes has been shown to be
caused by a shift in the open channel current±voltage
relation, possibly resulting from the screening of nega-
tive surface charges located in the vestibule of the chan-
nel (Yang and Sachs, 1989). Alternatively, it is possible
that the resting potential of the cells involved may have Figure 3. Effects of Gd3+ on Ion Permeation through SIC Channels
been more depolarized than controls, thereby reducing (A) Representative excerpts of the activity of a single SIC channel
(VH = 2100 mV) recorded before (top) and after (bottom) the infusionthe driving force that prevailed across the channel.
of Gd3+ into the recording pipette. Note the dramatic decrease in
the duration of individual channel openings in the presence of Gd3+.
(B) Reciprocalvalues of MOT (1/MOT) as a function of the concentra-
Effects of Gd3+ on Macroscopic Responses tion of Gd3+ present in the patch pipette (0 mM, n = 26; 10 mM, n =
If cation permeation through SIC channels is required 6; 100 mM, n = 8). The dashed line is a linear regression fit through
the data points (R = 0.98; slope = 9.2 mM21s21).for osmoreception in supraoptic neurons (Oliet and
Neuron
178
Figure 4. Effects of Gd3+ on Macroscopic
Current Responses to Osmotic Stimulation
(A) Traces are chart recordings of whole-cell
current responses to hypertonic stimuli (+50
mOsm/kg; triangles; VH = 260 mV) recorded
before (control), during (Gd3+), and after
(wash) addition of Gd3+ to the perfusing so-
lution.
(B) Current±voltage relations recorded at rest
and during hypertonic stimulation, before
(control), during (Gd3+), and after (wash) addi-
tion of Gd3+ to the external solution. In each
case, hypertonicity caused an increase in
membrane conductance, reflecting the acti-
vation of a cationic current reversing near
240 mV (vertical dashed lines).
viously (Oliet and Bourque, 1993a, 1993b), this current potential by Gd3+ presumably reflects blockade of the
mechanosensitive current. Moreover, as the number ofwas associated with an increase in membrane conduc-
tance and showed a reversal potential of 242.4 6 0.7 mV action potentials triggered by a fixed depolarizing pulse
is not reduced by Gd3+ (data not shown), attenuation of(Figure 4B). Bath application of Gd3+ reversibly inhibited
these responses with an IC50 of z30 mM (Figure 5), a osmotically evoked firing is likely to have resulted from
the smaller amplitude of the receptor potential. How-concentration similar to that required to reduce the MOT
of single SIC channels by 50% (see Figure 3B). Under ever, because of its known effects on various other ion
conductances (Elinder and AÊ rhem, 1994), additional ac-whole-cell current clamp, hypertonic stimulation of su-
praoptic neurons is known to evoke membrane depolar- tions of Gd3+ on the excitability of MNCs cannot be
excluded.ization and to enhance the frequency of spike discharge
(Oliet and Bourque, 1993a), responses that contribute
to the osmotic control of vasopressin secretion (Bourque Discussion
et al., 1994). As shown in Figure 6, depolarizing re-
sponses and action potentials evoked by hypertonic Application of positive or negative pressure to the inside
stimulation from membrane potentials near rest (z265 of a recording pipette has been shown to increase the
mV) were both reversibly inhibited by addition of Gd3+ concavity or convexity, respectively, of membrane
to the perfusing solution. Since MNCs do not express
steady-state voltage-sensitive conductances at mem-
brane potentials between 255 and 275 mV (Bourque
and Renaud, 1990), inhibition of the slow osmoreceptor
Figure 5. Dose Dependence of Gd3+-Mediated Inhibition of Macro-
scopic Current Responses to Osmotic Stimulation Figure 6. Effects of Gd3+ on the Generation of Osmoreceptor Poten-
tialsThe graph plots the inhibition of whole-cell current responses (VH =
260 mV) to hypertonic stimuli recorded in the presence of various The traces show whole-cell current-clamp responses (initial mem-
brane potential = 265 mV) to the application of transient hypertonicconcentrations of Gd3+. Data are expressed as a percentage of the
control response inhibited in the presence of Gd3+. Each point illus- stimuli (triangles) delivered before (control), during (Gd3+), and after
(wash) addition of Gd3+ to the perfusing solution. Note that the depo-trates the mean (6 SEM) of the values observed in 3±7 MNCs. Where
not visible, the error bars are smaller than the diameter of the dot. larizing responses and firingevoked by hypertonicstimuli are greatly
attenuated by the presence of Gd3+ in the external solution.The solid line was fitted by eye with an IC50 ≈ 30 mM.
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patches isolated by gigaseal formation (Sokabe et al., The results shown in Figures 4±6 indicate that the inward
cationic current, depolarization, and spike discharges1991). Both stimuli, therefore, increase the amount of
lateral tension experienced by ion channels embedded evoked by hypertonic stimuli were all inhibited by Gd3+
with a potency (IC50 ≈ 30±40 mM) similar to that inhibitingwithin the patch (Sokabe and Sachs, 1992). Stretch-
activated channels are defined as those whose Po in- cation flux through single SIC channels (50% at 50±60
mM). As indicated above, Gd3+ did not interfere with thecreases as a positive function of membrane tension (Gu-
haray and Sachs, 1984; Sakin, 1993). In contrast, the gating of SIC channels by changes in pipette pressure
and external osmolality, or with the volume responsesactivity of stretch-inactivated channels is generally max-
imal near rest and decreases upon applying either posi- of MNCs evoked by hypertonic stimuli (see Figure 2B).
Blockade of macroscopic osmosensitivity, therefore,tive or negative pressure to the inside of the patch
pipette (Morris and Sigurdson, 1989; Franco and Lans- must have been selectively mediated by an uncoupling
of mechanically evoked gating and current flux in SICman, 1990; Morris, 1990; Oliet and Bourque, 1993a).
Because of this response profile, the activity of SIC channels. This result can be readily explained by the
blocking action of Gd3+ on SIC channels and provideschannels in MNCs should vary as an inverse function of
cell volume and could be responsible for the changes direct evidence for the involvement of these channels
as molecular mechanotransducers responsible forin macroscopic cationic conductance underlying the gen-
eration of osmoreceptor potentials (Oliet and Bourque, osmoreception in vasopressin-releasing MNCs.
1994). As indicated by Morris (1992), however, the
Experimental Proceduresinvolvement of a mechanosensitive channel in mecha-
notransduction cannot be inferred by association alone.
Isolation of MNC Somata
The somata of MNCs were isolated as previously described (Oliet
Osmotic and Mechanical Gating of SIC Channels and Bourque, 1992). Unanesthetized male Long±Evans rats (150±
300 g) were killed by decapitation and their brains removed. Coronalin MNCs
brain slices (1 mm thick) were cut from the hypothalamus with aThe results described in this report indicate that stimu-
razor blade, and blocks of tissue (z1 mm3) containing part of thelus-evoked changes in SIC channel Po specifically re-
supraoptic nucleus were dissected using iridectomy scissors. The
sulted from a modulation of MCT but not MOT. While blocks were incubated for 90 min at 348C in 10 ml of an oxygenated
the duration of the recordings (<10 min) precluded a (100% O2) PIPES saline (120 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1
comprehensive description of the kinetic changes asso- mM CaCl2, 20 mM PIPES, 25 mM D±glucose; pH 7.1) containing
trypsin (0.7 mg/ml; Sigma type XI; Sigma Chemical Company, St.ciated with variations inchannel activity, the quantitative
Louis, MO). Tissue blocks were placed in trypsin-free oxygenatedrelationship between Po and MCT was identical whether
PIPES saline and kept (<8 hr) until use. When required, individualchannel activity was modulated by changes in pipette
tissue blocks were triturated with fire-polished pipettes (0.2±0.5 mmpressure or by external osmolality, as would be ex-
inside diameter), and the suspension was plated onto 35 mm Petri
pected if the osmotically evoked modulation of SIC dishes (Corning Costar Corporation, Cambridge,MA). After z10 min,
channel activity was a consequence of mechanical gat- the cells had adhered to the plastic and were ready for recording.
ing (Morris, 1992).
Cell-Attached Patch-Clamp Recordings
Petri dishes containing plated MNCs were mounted onto the stage
Gd3+ Inhibits Cation Permeation but Not Mechanical of an inverted phase-contrast microscope (Nikon, Melville, NY) and
Gating of SIC Channels perfused at a rate of 1±2 ml/min with a solution (295 6 2 mOsm/
As for mechanosensitive channels in other cells (Gustin kg; 228C±258C; pH 7.4) containing 140 mM NaCl, 3 mM KCl, 1 mM
CaCl2, 1 mM MgCl2, 10 mM HEPES, and 30 mM mannitol. The osmo-et al., 1988; Franco et al., 1991; Berrier et al., 1992;
lality of the solution was adjusted by the addition or removal ofSigurdson et al., 1992; Ruknudin et al., 1993), Gd3+ was
mannitol. Cell-attached recordings (Hamill et al., 1981) were ob-found to be a potent blocker of ion permeation through
tained from MNCs using pipettes prepared using a horizontal puller
SIC channels in MNCs, reducing channel MOT by 50% (Sutter Instruments Company, Novato, CA). The pipette tips were
at concentrations of 50±60 mM. However, the presence coated with wax, fire polished, and filled with a solution containing
of Gd3+ in the external solution did not affect changes 140 mM Na±gluconate, 3 mM KCl, 6 mM TEA±Cl, 4 mM 4-aminopyri-
dine, 0.01 mM CdCl2, 4 mM CsCl, 1 mM EDTA 1, 10 mM HEPES,in MCT evoked by variations in pipette pressure or extra-
0.002 mM tetrodotoxin, and 30 mM mannitol. Membrane potentialscellular fluid osmolality. Moreover, examination of the
prevailing across the patch were estimated as indicated previouslyrelationship between channel Po and pipette pressure (Oliet and Bourque, 1993a). Single-channel currents recorded via
indicated that external Gd3+ does not affect the mecha- an Axopatch-1D (Axon Instruments, Foster City, CA) were low-pass
nosensitivity of SIC channels in MNCs, as previously filtered at 5 kHz and stored on videotape. Off-line signals (filtered
observed in skeletal myotubes from mdx mice (Franco at 1 or 2 kHz) were digitized (16 kHz) using a labmaster interface
and pCLAMP software (Axon Instruments). Single-channel currentet al., 1991). Therefore, the presence of external Gd3+
amplitudes, MOT, MCT, and Po were determined using the Fetchanselectively impairs current flux through the SIC channels
program in pCLAMP software. When required, internal perfusion ofwithout interfering with their ability to sense local
the patch pipette was made via a fine glass capillary inserted into
changes in membrane tension. the side arm of the pipette holder, to within 2 mm of the pipette tip.
The capillary contained 10 mM GdCl3 (dissolved in pipette medium),
which was injected as required using a Hamilton syringe connectedGd3+Blocks Macroscopic Osmosensitivity
to the glass capillary via a polyethylene tube.in MNCs
If current flux through SIC channels represents the final
Channel Kinetics
step in osmomechanical transduction in MNCs, macro- Under our recording conditions, dwell-time histogram distributions
scopic responses to osmotic stimulation should be in- of channel openingswere adequately described using a single expo-
nential (to = 1.61 6 0.15 ms; n = 7). Detection of time constants <0.6hibited by the presence of Gd3+ in the external solution.
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ms was difficult due to the filtering characteristics of the recording Bourque, C.W., and Renaud, L.P. (1990). Electrophysiology of mam-
malian magnocellular vasopressin and oxytocin neurosecretoryequipment. Changes in open time are therefore reported as varia-
tions in MOT (defined as the sum of the time spent in the open state neurons. Front. Neuroendocrinol. 11, 183±212.
divided by the number of events; Colquhoun and Sigworth, 1983). Bourque,C.W., Oliet, S.H.R.,and Richard, D. (1994). Osmoreceptors,
In the same patches, closed times were distributed more broadly, osmoreception, and osmoregulation. Front. Neuroendocrinol. 15,
and dwell-time histograms could be fit by the sum of two or three 231±274.
exponentials. The slowest components had time constants 1000
Colquhoun, D., and Hawkes, A.G. (1983). The principles of the sto-ms. Several minutes of data acquisition would therefore have been
chastic interpretation of ion channel mechanisms. In Single-Channelrequired to quantitate the individual time constants characterizing
Recording, B. Sakmann and E. Neher, eds. (New York: Plenum Pub-the distribution of closed times associated with each experimental
lishing Co.), pp. 135±175.condition. Since most of the recordings lasted <10 min, changes in
Colquhoun, D., and Sigworth, F. (1983). Fitting and statistical analy-closed time kinetics were approximated as variations of MCT (de-
sis of single-channel records. In Single-Channel Recording, B. Sak-fined as the total amount of time spent in the closed state divided
mann and E. Neher, eds. (New York: Plenum Publishing Co.), pp.by the number of events recorded; Colquhoun and Sigworth, 1983).
191±263.
Elinder, F., and AÊ rhem, P. (1994). Effects of gadolinium on ion chan-Whole-Cell Recordings
nels in the myelinated axon of Xenopus laevis: four sites of action.Whole-cell patch-clamp recordings (Hamill et al., 1981) were ob-
Biophys. J. 67, 71±83.tained using electrodes (2±5 MV) filled with a solution (pH 7.15)
containing 150 mM K±gluconate, 1 mM MgCl2, 10 mM HEPES, 1.6 Franco, A., and Lansman, J.B. (1990). Calcium entry through stretch-
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